It is demonstrated that the coupling between spin and orbital moments in magnetic systems may-for certain materials-be reversed from antiparallel to parallel, via the influence of ligand states. This is exemplified by first-principles calculations for an intermetallic compound VAu 4 , but the effect may be found also in other classes of materials. From a computational analysis of the influence of the ligand states, and from an expression based on perturbation theory, we show that ligand states, that traditionally are known only to quench the orbital moment, may produce anomalous orbital moments that violate Hunds third rule. DOI: 10.1103/PhysRevB.63.172405 PACS number͑s͒: 75.50.Cc, 71.20.Be, 71.55.Ak The magnetic moment of a material, whether it is ferromagnetic, ferrimagnetic, or antiferromagnetic, is composed of a spin and an orbital moment. The coupling between these moments, parallel or antiparallel, is different for different materials and is dictated by the filling of the electronic shell. For systems with a less-than-half-filled shell the coupling is antiparallel and for systems with a more-than-half-filled shell the coupling is parallel. This finding is referred to as Hunds third rule and is explained to be due to the spin-orbit interaction.
The magnetic moment of a material, whether it is ferromagnetic, ferrimagnetic, or antiferromagnetic, is composed of a spin and an orbital moment. The coupling between these moments, parallel or antiparallel, is different for different materials and is dictated by the filling of the electronic shell. For systems with a less-than-half-filled shell the coupling is antiparallel and for systems with a more-than-half-filled shell the coupling is parallel. This finding is referred to as Hunds third rule and is explained to be due to the spin-orbit interaction.
1 Hunds rules were originally developed in atomic physics, where, e.g., the third rule refers to the coupling of the total angular momentum J as JϭLϩS for more than half filling of the electron shell and JϭL-S for less than half filling. In practice the effect of Hunds third rule may be observed from the absolute value of J but it can also be observed from a calculation of the projection of the spin S z and orbital angular momentum L z using the theorem of Wigner and Eckart. 2 For systems with an electron occupation less than half filling S z and L z are hence antiparallel whereas for systems with more than half filling the coupling is parallel, as dictated by Hunds third rule. This observation becomes important for theories based on density functional theory as well as for many experiments, since often S z and L z are being calculated or measured. The effect of the spinorbit coupling and hence Hunds third rule is present also in the solid state, even though crystal field and band formation effects may reduce the orbital moment to some extent. As yet the coupling of spin and orbital angular momentum has to our knowledge never been found to violate Hunds third rule in a magnetic solid.
For localized electron systems the spin and orbital moments are essentially given from atomic physics, with a complication sometimes emerging from the crystalline electric field that to some extent quenches the orbital moment. For materials with delocalized electron states the orbital moment is reduced compared to the corresponding atomic value. Examples of this are Fe, Co, and Ni, that have orbital moments of order 0.05-0.15 B .
3 However, as noted above the coupling between the spin and orbital moments has never been found to violate Hunds third rule, 4,5 simply because its microscopical origin, the spin-orbit coupling, is always present, whether the electron states are localized or delocalized, subject to a strong crystal field or not, or if they are eigenstates of an atom or of a solid.
Recently substantial experimental attention has been focused on the orbital magnetic moment, since although it is a small quantity in some of the pertinent materials it nevertheless has been argued to carry vital information about the magnetocrystalline anisotropy ͑MAE͒. 6, 7 As a matter of fact, using perturbation theory, a relationship between the directional dependence of the orbital moment and the MAE has been derived, 8, 9 which established the proportionality of the MAE and the directional dependence of the orbital moment. The proportionality relationship, although it has been argued not to always hold, must be considered as being important in establishing a microscopical understanding of the MAE of delocalized electron systems. A full understanding of the MAE has, however, not yet been achieved. Apart from the relationship to the orbital moment, two distinct contributions to the MAE were previously proposed: The lifting of degeneracies at the Fermi energy through the spin-orbit coupling, 10 and the effect of anisotropic ligand-field bonding. 11 Our present investigations emphasizes the important role of the ligand field further, not only in the formation of the orbital moment, but even in driving the sign of the orbital moment.
The attempts to connect the orbital magnetic moment to other magnetic properties, such as the MAE, are also important with regard to current material research efforts to find avenues for improving on the magnetic properties of materials. In this paper we demonstrate, first, that the coupling between spin and orbital moments can actually be such that Hunds third rule is violated, and second, that by suitable choice of combinations of materials one can ''tune'' the coupling to be antiparallel or parallel irrespective of whether the electron shell is less or more than half filled. In addition we shall argue that the microscopical understanding of magnetism given here paves the way for the possibility to influence one, from an applications point of view, of the more central concepts of magnetism, i.e., the MAE, since this property determines the magnetic hardness which then may be uti-lized in different applications. For instance, in many ac applications involving the conversion of mechanical energy to electric or vice versa, so-called soft magnetic materials ͑with a vanishingly small MAE͒ are desired since they reduce energy losses in these types of applications.
Although the results presented here will be argued to be of a general nature, and that thus the coupling between spin and orbital moments may not necessarily follow Hunds third rule, we will illustrate most of our findings with one example; VAu 4 . This material has experimentally been found to be ferromagnetic with a Curie temperature T C ϭ60 K and the easy magnetization axis is along the crystallographic c axis. [12] [13] [14] Already the finding that two nonmagnetic elements that, when combined, give rise to magnetic order is cause of attention, but, as will be outlined, there are more important features displayed by the magnetism of this interesting material. The crystal structure is the MoNi 4 type structure and is a body-centered tetragonal ͑bct͒ structure with five atoms in the primitive unit cell. Since VAu 4 is peculiar in the sense that it is a ferromagnet that is constructed from nonmagnetic elements, attention has previously been paid to it, and theoretical first-principles calculations of the spin moments have been carried out before. [15] [16] [17] The present first-principles calculations were made using both a full-potential linear muffin-tin orbital ͑LMTO͒ method 18 and the augmented-spherical-wave ͑ASW͒ method. 19 In our calculations we used the experimental lattice parameters for VAu 4 , which are aϭ6.382 Å and c ϭ3.981 Å. The calculations were based on the local spindensity approximation using the von Barth-Hedin parametrization. 20 In order to have well-converged basis functions in the LMTO calculations a so-called double basis set was employed, with two sets of 4s, 4p, and 3d orbitals for the V atom and two sets of 6s, 6p, and 5d orbitals for the Au atoms. The k space was sampled using the special k-point method and a small Gaussian of width 10 mRy was associated with the eigenvalues close to the Fermi level E F in order to speed up convergence. The spin-orbit interaction was included at each variational step, a method that is known to reproduce results of the spin polarized Dirac equation with great accuracy. 21 The ASW calculations employed the spherical potential approximation, together with a single basis set, which consisted of the same orbitals for V, but for Au 5 f states were additionally included. The spin-orbit coupling was treated as in the LMTO calculations, and no Gaussian broadening was applied.
The calculated scalar relativistic electronic structure of VAu 4 is shown in Fig. 1 . In the figure one may note that the Au d band is rather wide and is mainly located between Ϫ8 and Ϫ2 eV. The V d band is substantially narrower and it exhibits a large exchange splitting. The V spin-up d states are located right at the Fermi level, whereas the spin-down d states are located above the Fermi level. As will be discussed below there is one more feature in the DOS that should be observed, namely, that there is rather strong hybridization between the Au d and V d states. This may best be seen for the Au d states that in the energy region where the V d states have their dominating weight, follow the features of the V d states, a traditional sign of hybridization. This is so, since specific energy bands, that give rise to a particular feature in the DOS, have wave function character of basis functions located both on the V and Au atoms.
Let us now describe the most central finding of this study: the calculated spin and orbital moments of VAu 4 ͑compiled in Table I͒ . The calculated spin moment on the V atoms is with 1.67 B reasonably large. The previous computational study obtained a similar spin moment for V ͑Ref. 15͒ and both moments are larger than the experimental value of approximately 1 B at 4.2 K.
14 The orbital moment is 0.16 B ͑Ref. 22͒ and this represents at first sight a very anomalous result, since despite that V has a filling of the d shell that is less-than-half filled, the orbital moment is computed to be parallel to the spin moment. This represents, to our knowledge, the first prediction of a violation of Hunds third rule in a magnetically ordered material. Compared to the known orbital moments of 3d elements in intermetallic compounds, the orbital moment is, in addition, remarkably large. Possible computational errors leading to the anomalous moment were ruled out by comparing the results of independent LMTO and ASW calculations, which indeed yielded nearly identical moments ͑see Table I where c is the basis-set expansion coefficient, ͉ms͘ a basis function, and , m, and s are the indices for the different atoms in the unit cell, the magnetic, and spin quantum number, respectively. The index i indicates a scalar-relativistic state and k is a reciprocal-space vector. By inclusion of spinorbit coupling in perturbation theory one can then derive
The quantity n kis,m, Ј m Ј is a product of wave-function characters of the scalar-relativistic states ͓from Eq. ͑1͔͒, i.e., n kis,m, Ј m Ј ϭc kims * c ki Ј m Ј s . In this expression we observe that the orbital moment of atom ͑V in our case͒ is influenced also by the spin-orbit parameter of the other atoms ͑ligand atoms͒ in the crystal, suggesting that the unusual magnetic properties of the V atom are influenced also by the spin-orbit coupling of the Au atoms. Since the Au spin-orbit coupling is substantially larger than that of V this contribution could be important. However, in order for the Au spinorbit coupling matrix element to influence the V orbital moment, Eq. ͑2͒ indicates that there must be hybridization between the V and Au states, since otherwise n kis,m, Ј m Ј or n kjs, Ј m Љ ,m ٞ is zero and the effect vanishes. The important consequence of Eq. ͑2͒ is that relativistic effects of the ligand atoms ͑Au͒ also influence the orbital moment of the V atom, and for the VAu 4 this has extreme consequences. A version of Eq. ͑2͒ based on a Greens function formalism was presented in Ref. 25 . In order to elaborate on this further we performed additional calculations of the spin and orbital moments of VAu 4 , turning off the spin-orbit interaction on the Au site, whereas keeping it for the V site. The so-calculated spin and orbital moments of the V atom are found to be in full accordance with Hunds third rule, with a V spin moment of 1.71 B and an orbital moment of Ϫ0.10 B . Thus, the coupling is antiparallel as demanded by Hunds third rule. We also performed calculations for VCu 4 , since the strength of the spinorbit coupling of Cu is comparable to that of V and much smaller than the one of Au. Also in this case Hunds third rule is obeyed and the spin and orbital moments are 2.08 B and Ϫ0.04 B . This numerical exercise in combination with the discussion based on Eq. ͑2͒ demonstrates that the large spinorbit coupling of the Au ligand atom influences, via hybridization, the orbital moment of the neighboring V atom to a surprisingly large extent, producing a parallel alignment of the spin and orbital moments.
An interesting scenario now emerges, since one by suitable tuning of Cu and Au concentrations may predict an alloy of V(Au x Cu 1Ϫx ) 4 that may adopt a parallel or antiparallel coupling between spin and orbital moments, depending on concentration. One may even tune the concentration such that a vanishingly small orbital moment is found for the V atom. On account of the relationship between orbital moment anisotropy and MAE one may possibly influence the MAE such that an alloy with predcited zero MAE is identified. We note here that for this compound the proportionality relationship between the MAE and orbital moment anisotropy of Bruno 8 does hold, because the orbital moment is nonzero only for one spin channel, that of the majority spin ͑see also Ref. 9͒ . From the total energy we have calculated the c axis to be the easy axis, which is also computed to be the axis having the largest orbital moment ͑the value of the MAE is 1.78 meV per unit cell and the orbital moment anisotropy is 0.09 B ). We have tested the possibility to reduce the MAE by alloying and performed calculations for the intermetallic compound VAu 2 Cu 2 . For this system the competition between the V and Au contributions to the orbital moment of the V atom are almost of equal size and hence nearly cancel each other. The net orbital moment is 0.03 B and the MAE is reduced to 0.5 meV per unit cell. A finer tuning of a low MAE has to involve noninteger concentrations of Au and Cu ͑or possibly Ag͒, and is outside the scope of the present paper.
To conclude, we have demonstrated that ligand states of a magnetic atom may influence the orbital magnetic moment in a way that is more complex than the simple ''crystal field quenching.'' The ligand states may actually induce large changes in the orbital moments that can lead to a violation of Hunds third rule. We have argued that hybridization between the ligand states and the magnetic ion is important for this effect to occur. The possibility to tune the orbital moment and MAE by suitable alloying has been proposed.
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